Abstract: Measurement of the energy spectrum of secondary neutrons were carried out at the OncoRay Proton Therapy facility in Dresden, following an approach originating in neutron metrology which is well suited for both the characterization of secondary neutron fields at proton therapy facilities and the validation of Monte Carlo simulations. For the experiment, a brass target was placed in the proton beam and Bonner spheres measurements were made at a distance of 2 m from the target and at different angles, 15° to 120°, with respect to the incoming proton beam. The measured spectra were compared to Monte Carlo simulations.
Introduction
The use of proton beams in radiation therapy allows for the deposition of high doses at the tumor position while minimizing the dose to surrounding tissue. In addition to proton radiation, the patient is also exposed to secondary radiation which produces an unwanted out-of-field dose.
As neutron radiation can provide the largest contribution to this out-of-field dose [1] , it is important to characterize the stray neutron field during proton therapy. Monte Carlo simulations can play an important role here; however, it is necessary to benchmark the simulations with measurements. This requires spectrometry, as neutron dose conversion coefficients are strongly energy dependent and the neutron energy spectrum can extend from thermal energies (~10 -8 MeV) to up to hundreds of MeV [2] . The only neutron spectrometers capable of covering such a wide energy range are Bonner sphere spectrometers (BSS).
The Physikalisch-Technische Bundesanstalt (PTB) operates the Bonner sphere spectrometer NEMUS [3] . This is a well characterized spectrometer which serves as the secondary standard of PTB for the dissemination of the unit of ambient dose equivalent for neutron radiation in unknown radiation fields. Its neutron response has been validated and can be traced back to primary PTB standards.
We have used NEMUS for measurements at the OncoRay Proton Therapy facility in Dresden, applying an approach originating in neutron metrology which is well suited for both the characterization of secondary neutron fields at proton therapy facilities and the validation of Monte Carlo simulations of these fields. This is of relevance to dosimetry, as estimates of the neutron dose to patients will have to rely on such simulations. While we carried out measurements at both the experimental hall and the therapy room, we illustrate the approach using measurements done at the experimental hall. We provide a comparison of the measured spectra to GEANT4 TOPAS [4] Monte Carlo simulations. each sphere. A typical set has standard spheres made of polyethylene plus a few modified spheres with metal shells embedded in polyethylene spheres. Each sphere plus thermal sensor combination has a different energy response to neutrons, as shown in Figure 1 .
For the standard spheres, the peak of the response function shifts to higher neutron energies as the size of the moderator is increased. For the modified spheres, the response increases dramatically for neutron energies above 50 MeV. In addition, it is usual practice to measure also with the thermal neutron sensor without a moderating sphere (i.e., the bare detector). Any combination of sphere and thermal neutron sensor is usually called a "sphere" and this terminology has also been extended to the bare detector.
For the measurements described below, we selected a set of spheres consisting of the bare detector, 7 polyethylene spheres with diameters between 3 inch and 12 inch, and 3 modified spheres with lead or copper inserts. We used 3 He proportional counters with pressures of either ~200 kPa or ~20 kPa. The low pressure counters are capable of handling higher count rates than the one with higher pressure, making them well suited for locations with higher fluence rates.
Experimental set-up
The measurements were carried out in the experimental hall of the OncoRay Proton Therapy Centre in Dresden. This permitted us to compare measurements and simulations in an environment that is much simpler than that of the therapy room. This applies in particular to the neutron source (i.e., neutrons produced in a brass target of simple geometry as opposed to neutrons produced in the nozzle and other components) and to neutrons scattered in the room. Figure 2 shows a photo of the experimental set-up.
For the experiment, we placed a brass target in the proton beam which was pulsed with 10 Hz to mimic the operation of a range modulator wheel used in passive scattering proton therapy. The spheres were at a distance of 2 m from the target and at different angles, 15°, 45°, 75° and 120° with respect to the incoming proton beam. For the irradiation a monoenergetic proton beam with a beam energy of 224 MeV was used. The beam current was set to 1.6 nA to minimize dead time effects originating from high primary beam currents.
Data analysis
The analysis of the data requires several steps: the analysis of the pulse height spectrum (PHS) measured in the 3 He proportional counters of the spheres, corrections for detector dead-time, and the unfolding of the data to determine the neutron energy distribution.
PHS and dead time correction
The detection of neutrons in 3 He proportional counters takes place by means of the reaction 3 He(n,p)T (Q = +764 keV).
Neutron induced signals result in a PHS, and from this PHS one can determine the number of neutron induced signals. For measurements made under standard conditions, the neutron signal can be determined in a straightforward manner by defining a region-of-interest (ROI) and adding the counts in the ROI. However, under the more challenging conditions encountered in proton therapy facilities, the procedure is not straightforward and a number of corrections must be included in the analysis. For this, we used the program HELIOS, which was developed at PTB to analyze measurements carried out under such conditions.
Proton therapy facilities operate with time varying beam settings. The beam current is typically both pulsed as well as varying in current. Additionally, the beam energy is a function of time. Consequently, the secondary neutron field exhibits a complex time variation which makes the accurate correction of detector dead time effects difficult when measuring at high rates.
For the conditions that apply to our measurements, we have determined that a paralysable dead time model [5] is applicable. This has been checked with a series of measurements carried out with different beam currents. With this model, the dead-time correction can be carried out with an uncertainty of the order of 0.5% for measured signal rates smaller than 15 kHz.
Unfolding
Once the analysis of the PHS has been carried out, including the dead time correction and an appropriate normalization, the measured counts due to neutrons are used to determine the neutron spectrum using an unfolding procedure. For the results described below, we have normalized the neutron counts to units of proton beam current.
To unfold the data, we use the maximum entropy code MAXED [6] . The approach that we follow is to treat the Monte Carlo simulation as default spectrum; i.e., as an initial estimate which provides an approximation to the neutron spectrum. MAXED then searches for the spectrum which fits the measured data while remaining as close to the original Monte Carlo simulation as possible, in a well defined sense that is based on concepts of information theory [7] . This approach has the advantage that the changes made to the default spectrum (i.e., the Monte Carlo simulations) are only those required by the data -if the simulation already fits the data to within uncertainties, no changes are introduced indicating that the simulation is consistent with the data to within uncertainties.
Results
The unfolded spectra together with the Monte Carlo simulations used as default spectra for the unfolding procedure are shown in Figure 3 . In both cases, we show absolute fluences normalized to beam current in μC.
The Monte Carlo calculations include a model of the proton beam (proton energy of 224 MeV), the brass target, as well as a model of the experimental hall. The neutron contribution at around 1 MeV and for intermediate neutron energies is mainly determined by evaporation reactions and room scattering. Previous analysis based on less detailed Monte Carlo calculations, neglecting the room model, showed that it is crucial to include a model of the room within the Monte Carlo calculation in order to achieve good estimates of the intermediate and 1 MeV neutron contribution. However, regardless of the default spectra, Figure 3 : Neutron spectra unfolded with the maximum entropy code MAXED (black) and the corresponding default spectra derived from Monte Carlo simulations (red). The measurements were made 2 m from the isocenter at angles of 15°, 45°, 75° and 120° (top to bottom) with respect to the incoming proton beam.
whether they are based on calculations with or without a model of the room, the MAXED unfolding converges to similar results.
The high-energy neutron component is of great interest for proton therapy applications as it originates from interactions of high-energy primary protons and can vary greatly depending on the location. The Monte Carlo calculations predict a boost of high-energy neutrons in forward directions and a decreasing high-energy neutron component for increasing angles with respect to the proton beam. The unfolding validates this. However, the unfolding process adjusts the high-energy neutron contribution for positions at 45°, 75° and 120° to smaller fluences. At these positions, the high-energy neutron component is composed of scattered neutrons and the fluence adjustment for larger scattering angles may indicate a limitation in the Monte Carlo calculation.
Considering now the thermal neutron components of the unfolded spectra, one can see the sensitivity of the results of Bonner sphere measurements to the choice of spheres. The unfolded thermal neutron components for positions at 15° and 45° show larger discrepancies with respect to the default spectrum than for positions at 75° and 120° (see Figure 3) . This is because the bare 3 He detector was used at 15° and 45°
but it was not included at 75° and 120°. Since the response of the bare 3 He detector is only significant in the energy region of thermal neutrons (see Figure 1 ), the unfolding procedure is able to introduce substantial changes to the default spectrum in this energy region whenever the bare 3 He detector is included in the measurement.
Concluding remarks
We have carried out measurements of the energy spectra of secondary neutrons in a proton therapy environment using a Bonner sphere spectrometer. This is the only neutron spectrometer capable of covering the wide energy range from thermal energies to up to several MeV that is typical of proton therapy facilities. Such measurements are of special relevance for neutron dosimetry since knowledge of the neutron energy distribution is crucial due to the strong energy dependence of the dose conversion coefficients. Furthermore, we have shown that the Bonner sphere measurements can be used to validate Monte Carlo calculations when the analysis is done using maximum entropy unfolding. Since the Monte Carlo calculations can be of importance when assessing the dose to patients, this validation is of great value.
We have followed an approach originating in neutron metrology that is well suited for spectrometry of secondary neutrons in a proton therapy environment. It involves the use of a well characterized spectrometer, the PTB Bonner sphere spectrometer NEMUS, with a validated response function that can be traced back to primary PTB standards. In addition, we apply methods of data analysis based on previous approaches that have proven to be useful for neutron metrology. As an alternative to maximum entropy unfolding, we have also analyzed the data using Bayesian parameter estimation [8] .
Although we only report here on measurements done in the experimental hall of the OncoRay facility, the same procedures can be applied to measurements in the proton therapy room.
